Abstract-This paper presents a framework of a multi-terminal HVDC transmission system and its multi-functional control strategy. The framework possesses the basic characteristics of the DC-grid and is suitable in integrating distributed power sources. The paper proposes the first architecture for a multiterminal HVDC transmission system using the VSC technology. Its control strategy offers various functionalities that include controls for operation mode, start-up and shutdown, DC voltage, and station online re-connecting, which are significantly different from the control of point-to-point VSC-HVDC systems. The framework has not only been evaluated in real-time simulation studies, but has also been implemented onsite for the first time via the China Southern Grid's Nan'ao Multi-terminal VSC-HVDC (VSC-MTDC) project. This paper gives a brief review of the current research and engineering achievements in this field, which includes four aspects: the architecture of the VSC-MTDC system, the structure of the control and protection system, simulation verification tests setting, and the results of real-time hardware in hardware in loop (HIL) simulation studies and onsite tests.
I. INTRODUCTION
T HE Increase in renewable energy penetration is considered as one of the major trends in future power systems. However, currently the ratio of the renewable energy generation is quite low. Most of large-scale renewable power plants are usually located in remote areas, such as the offshore wind farm of the European North Sea. Due to the increasing distance between offshore wind resources and the coastline, as well as the different capacities of wind farms, a multi-terminal HVDC (MTDC) system becomes an effective solution for wind farm integration to reduce the number of receiving converter stations and transmission lines compared to the pointto-point configuration [1] . The MTDC system, which is the primary form of the DC transmission line network, consists of three or more converter stations and the DC transmission lines interconnecting the converter stations. The first MTDC system, commissioned in 1987, was based online-commutated converter (LCC) technology. Since the LCC based MTDC system involves complex mechanical switchgear operations to reverse the power flow direction, further development has not been achieved since the 1990s [2] , [3] . The voltage source converter (VSC) based MTDC system can reverse the power flow direction without changing the polarity of the DC transmission line, thus avoiding complex mechanical switchgear. Moreover, communication between rectifier and inverter station in theory is not necessary. Each converter station can operate in an independent way. Therefore, VSC-MTDC technology is particularly suitable for building the DC transmission network. VSC technology for HVDC transmission was first employed in 1999, when ABB commissioned the first commercial link between the Gotland Island and the mainland of Sweden. VSC makes use of self-commutating devices-such as the IGBT, which can be commanded to turn both on and off. Therefore, VSC provides a more controllable way to achieve sinusoidal voltages and current at the output of the converter [4] . The VSC technology is best suited for implementation of MTDC transmission networks for its control flexibility. There are several issues that need to be studied carefully and standardized, such as the configuration of the multi-terminal system, converter control strategy, voltage stability control, etc. Some aspects above have been studied thoroughly while others are newly emerging [5] - [7] . This paper will discuss all the issues concerning the above and give optimal choices based upon current technology. The Nan'ao VSC-MTDC project is the first MTDC system in the world to employ the VSC technology. This project aims to transmit wind power from dispersed offshore wind farms to the mainland through the MTDC system. This paper focuses on practical engineering problems of the VSC-MTDC project. Section II briefly describes the Nan'ao pilot project. In Section III, the architecture of the VSC-MTDC system is discussed followed by an introduction of the existing research achievements and proposed solutions. Section IV describes the control and protection (C&P) system structure and strategy, including the introduction of the operation modes, the converter station control, system start-up and shutdown methods, distributed voltage control, and the online re-connecting strategy. In Section V, the simulation tests verifying the C&P system are briefly summarized. In Section VI, the results of simulation and on-site tests are given and analyzed.
II. NAN'AO PILOT PROJECT DESCRIPTION
The system configuration of the Nan'ao VSC-MTDC project is as shown in Fig. 1 . The project includes two stages. During stage I, three terminals in the system are connected. Qing'ao (QA) station (50 MVA, Nan'ao Island) and Sucheng (SC) station (200 MVA, Mainland, China). In stage II, the offshore wind farm Tayu will be connected to the system as the fourth terminal. The DC voltage of the entire project is 160 kV. The conductors between JN converter station and SC converter station are made up of a mixture of overhead lines and cables, with a total length of 28.2 km. The QA converter station and the JN converter station are connected by overhead lines, measuring in length about 12.5 km. Meanwhile, the Nan'ao VSC-MTDC system is an AC/DC parallel power transmission system, and each converter station is connected to the 110 kV AC system. The main parameters of the Nan'ao project are listed in Table I. III. ARCHITECTURE OF THE VSC-MTDC SYSTEM Several aspects are considered during the design stage of the multi-terminal VSC-HVDC system.
A. Parallel VSC-MTDC Structure
The topologies for the MTDC system have been investigated in [8] . The converter station can be either connected in series to share the same DC current, or in parallel with a common DC voltage. The connection topology affects the system design from several aspects, including power flow reversal, terminal capacity, transmission losses, insulation, AC/DC fault response, and corresponding protections.
As a well-accepted solution, the parallel VSC-MTDC topology is suggested with higher system reliability without increasing the complexity in the control and protection system, and therefore has been chosen in this paper for further study.
B. Configuration of VSC Station
The layout of a typical VSC converter station is shown in Fig. 2 . The topology of the converter is the modular multilevel converter (MMC), a well-received topology in the VSC-HVDC application. The major advantages of this configuration include low harmonics rate of the output voltage, filter-less configuration, and low power losses [9] , [10] . 1) Monopole Configuration: The DC side of the converter employs the symmetric monopole configuration. Compared to the bipolar configuration, the symmetric monopole configuration can be utilized to avoid special transformers and give good expandability to the whole system, which is suitable for the application in which ground return is not applicable [11] , [12] . Specifically, in the multi-terminal system, mono polar operation is difficult to achieve since all connected converters need to change their operation state; thus the redundancy capability of the bipolar configuration is limited. Based on the above considerations, symmetric monopole configuration is the most suitable configuration for the MTDC system. Currently, there are three main earthing methods for VSC-HVDC system, described as follows:
Method 1: earthing through DC side capacitor or resistor; Method 2: earthing through star-point reactor; Method 3: earthing through the neutral point of the con-necting transformer. Method 1 is mainly used for 2-level or 3-level converters, because there are native DC capacitors in these converters topology, and therefore no additional investment is needed.
In Method 2, the star point reactor needs to be very large to reduce the reactive power losses in steady-state operation. So the star point reactor usually employs the form of potential transformer. However, this kind of reactor can be easily saturated once there is DC current flowing through it; thus careful redesign is needed. This earthing method is used in the Transbay project, which is the first modular multilevel converter HVDC system in the world [13] .
Compared to the above earthing methods, Method 3 is chosen in the Nan'ao project for its effectiveness and favorable cost. In reality, it was found that the major function of this earthing method runs well; in addition, it also enjoys low power losses on the kilowatt scale.
3) DC Side Apparatus: The DC side apparatus of a VSC station includes smoothing reactors, surge arrestors, measuring devices, and disconnectors. In DC grid development, DC breaker technology or converter topology, which is capable of clearing the DC fault current, would be considered crucial factors for its successful development in terms of both scale and economics [14] , [15] . However, both methods are not mature and economical at present, as a result of which no project currently employs DC breakers or any converter topology that can clear DC fault current.
C. Special Considerations for Overhead Line Application
As mentioned above, the DC breaker that is suitable for high-voltage and high-capacity application is not commercially available. Thus, special considerations for DC contingencies are needed if the DC transmission line includes overhead lines: 1) DC line reactors are requisite for suppressing DC overcurrent caused by lightning or faults. 2) Comprehensive simulation study is needed in order to propose the requirements of power devices and insulation. 3) Additional thyristor by-pass switches need to be installed to protect IGBTs, which are limited in over-current capability. 4) Switching impulse test, not included in IEC62501, is needed to check up on the turn-off ability of the IGBTdiode pair under over-voltage situations.
IV. STRUCTURE OF THE CONTROL AND PROTECTION SYSTEM
The VSC-HVDC system control system is acritical factor, especially for a multi-terminal system.
A. Control Modes and Operation Modes of VSC Station
VSC can be equivalent to a synchronous voltage source with continuous adjustable amplitude and phase. In parallel operation mode, VSC can implement four-quadrant operations in the active/reactive coordination system via adjusting the amplitude and phase. According to the control objective, VSC has the following two control modes: 1) Active Power Quantities Control: According to the deviation between the reference value and the measured value of the active power quantities, the phase angle difference between the output voltage of VSC at the AC side and AC voltage is adjusted to make the active power stable at the pre-set value. The regulating variable is directly or indirectly related to the active power, including the constant active power control, the constant DC voltage control, the constant DC current control, and the constant frequency control.
2) Reactive Power Quantities Control: According to the deviation between the reference value and the measured value of the reactive power quantities, the amplitude difference between the output voltage of VSC at the AC side and the AC voltage is adjusted to make the reactive power stable at the pre-set value. The regulating variable is directly or indirectly related to the reactive power, including the constant reactive power control and the constant AC voltage control.
For a VSC station, selecting different electrical quantities to control also determines the operation mode of the VSC station. The three main operation modes of a VSC station are the constant DC voltage control (Vdc mode), the constant power control (PQ mode) and the constant AC voltage and frequency control(Vf mode), described as follows.
1) Constant DC Voltage Control: The converter station, which selects the constant DC voltage control, is equivalent to an active balance node, keeping the active power balance and the DC voltage stable. Its control performance and reliability have also decided the operating performance and reliability of the whole system. The basic control pattern consists of droop control, ratio control, priority control and voltage margin method control. Each pattern has its own advantages and disadvantages.
2) Constant Power Control: The constant power control is usually applied in the parallel operation mode. Assuming the DC voltage is constant, the exchange active power and reactive power between the converter station and the grid can be controlled to a preset value through adjusting the amplitude and the phase of the output voltage of VSC at the AC side.
3) Constant AC Voltage Control: The constant AC voltage control is mainly used in the VSC, which is connected to the passive load or the wind farms. The amplitude, phase, and frequency of the output voltage of VSC at the AC side are controlled to a given value to make the converter station present voltage source characteristics.
B. Multi-layer Design of C&P System
The control and protection system of VSC-MTDC projects can be divided into two categories: communication mode and no communication mode. For better coordination control and for the security of the whole system, the current VSC-MTDC system usually adopts the communication mode and the hierarchical structure, shown in Fig. 3 , which includes: 1) SCC-System Control Center: This determines the system operation mode, and monitors the status of controllers in all substations. According to the operation mode, SCC also computes the control reference values, such as real and reactive powers and DC voltage, which are then sent to each PCP directly. SCC also acquires the critical system measurements, such as the AC frequency and the AC and DC voltages, and it also applies the protection scheme at the system level.
2) PCP-Pole Control and Protection: Dictated by the SCC, PCP applies the proper control algorithm according to the system operation mode. It measures the AC voltages and currents of the converter transformer, as well as the DC voltage, and produces six reference voltage signals that are sent to the VBC. Protection schemes for fast transients are also implemented on the PCP.
3) VBC-Valve Base Control: VBC receives reference signals from the PCP, and modulates the firing commands for the switches in each submodule (SM) to equalize the voltages of submodules within the valve. The circulating current control scheme is also implemented in the VBC [16] . Unlike the SCC and PCP, the VBC has a relatively fast control cycle, ranging from 30 to 50 microseconds. 4) SMC-Submodule Controller: The SMC is the local control and protection unit in each SM. It can detect SM overvoltage faults and report to the VBC. Following the command from the VBC, the SMC can bypass the faulty SM by closing the bypass switch.
General commands can be made through either the SCADA (Supervisory Control and Data Acquisition) at each station, or the remote central control for all stations. In order to ensure a secure and reliable operation, a redundant device and a corresponding communication system is available to SCC and the combination of PCP and VBC in each station. 
C. System Operation Mode Classification
According to the control and protection system design, the system operation has flexible modes. Each terminal of a MTDC system may be connected to a synchronous AC system or a passive network for voltage/frequency support, especially when the DC system is designed to operate in parallel with the existing AC network, which then increases the operation complexity when a particular circuit is in contingency. Therefore, it is important that the system is designed to ensure a secure and reliable operation under different circuit connection scenarios. The operation mode that is determined could be summarized as follows: 1) Parallel Operation: AC and DC transmission lines operate in parallel so that power can be transmitted through either way.
2) DC Operation: Only DC circuits are the available connection between the master stations and the subordinate stations. The station that connects to a passive network needs to operate in the constant AC voltage control mode in order to provide a constant voltage to the load.
3) Mixed Operation: This is a parallel operation between one subordinate station and the master station, but a DC operation between the other subordinate station and its master station.
4) STATCOM Operation: Converter stations operate as STATCOMs to provide reactive power compensation to the AC circuits, while the DC circuits remain disconnected.
Thus, a device that identifies the available operation modes according to the present network connection is needed to ensure selection of the appropriate operation mode.
D. Special Consideration in MTDC System
There are some special considerations in MTDC control systems, according to a requirement of the operation and system structure.
1) Start-up and Shut-down Strategy: The controller of each submodule of a MMC is usually designed to be supplied by the DC capacitance, so the control and supervisory function can be only activated when the DC capacitance of the MMC has been energized. By utilizing a suitable startup scheme, the submodule of the VSC station can be charged smoothly to prevent overvoltage/overcurrent and to mitigate the stress on the electrical devices and the connected AC transmission system.
The pre-charge modes of each submodule are the separated excitation mode and the self-excitation mode. The selfexcitation mode means the submodules are pre-charged by the connected active system (including the AC system and the DC system), which is the mainstream charging technique [17] . The separated excitation mode means that the charging power comes from an independent auxiliary charging device. Meanwhile, there are different start-up control strategies that are required according to the different operation modes.
In an MTDC system, the DC-side system voltage has to be maintained at a constant level by a master station with DC voltage and reactive power (VdcQ) control; the subordinate stations, on the other hand, could operate at either active or reactive power (PQ) control, or at AC voltage and frequency (Vf) control. The Vf control is used to maintain the amplitude and frequency of the voltage level on the AC side of converter stations when the terminal is utilized for supplying a passive network. The procedures of starting up the MTDC system in non-STATCOM operation mode are demonstrated in Fig. 4 .
The red path indicates the parallel operation mode, while the blue path means DC operation mode. The black arrows are the common steps for all operation modes. The system is also capable of operating at mixed operations. The main steps can be summarized as follows:
Step 1 Pre-charge converter. After closing the AC circuit breaker, the master station can be charged by the AC side of the converter via the preinsertion resistor. The subordinate station can be charged either by connecting to an AC or DC grid.
Step 2 De-block converter.
With the completion of the pre-charge process, the converter at each station can be de-blocked at an appropriate control mode. The master station is always employed for DC voltage control, and thus should be de-blocked first. Then, the subordinate station is in PQ control for parallel operation and Vf control for DC operation.
Step 3 Increase DC voltage to the reference value set in SCADA.
During
Step 1, the converter is not able to be fully charged to the rated voltage. Thus, the master station needs to further raise the voltage level of the entire DC system to the preset values by VdcQ control. In addition, the subordinate station in Vf control should close its AC circuit breaker at this point to connect the passive network to the DC system.
Step 4 Turn into steady-state operation and power flow control.
The system turns into steady-state operation mode once the DC voltage is maintained within the satisfactory limits.
In order to shut down the system that operates in non-STATCOM mode, the active and reactive power of the station in control should be reduced to approximately zero before blocking the converter. Then, each AC circuit breaker has to be opened to disconnect the converter from the AC gird. For those stations in Vf control, the corresponding AC circuit breaker can be directly opened, and can subsequently block the converter. The master station should always be turned off at the end to avoid DC voltage oscillations. The system could also be shut down immediately under emergency conditions. The shutdown command will be sent to the local PCP and SCC at all stations to block all the converters at once, to avoid overloading the converter.
2) Distributed Voltage Control: In the design of C&P systems, the future extension of the Nan'ao project is carefully considered by increasing the number of VSC terminals from 3 to 4. If the SC station is still assigned as the only station that controls the DC voltage, there could be a possibility where the entire system will shut down once the SC station is faulted. This situation can be avoided if there is a backup station that can seamlessly take over the DC voltage control function. With this consideration, SC and JN stations would be set up as a DC voltage control station, and the QA and TY station can be set as the active power control station.
There are four most common direct voltage control methods for VSC-MTDC networks: droop control, ratio control, priority control, and voltage margin method control [18] - [21] .The priority control method has a poor dynamic response if there is a sudden change in the input power, which can cause DC overvoltage. The voltage margin method is the most flexible of the four methods, but it has also the worst dynamic performance due to the way the method is constructed by cascading PI controllers. The droop control method and the ratio control method enjoy good dynamic response. However, the droop control method is not able to control the power flow inside MTDC networks while the ratio control method is difficult to employ if there are more than two DC voltage control stations. In the Nan'ao project, there are only two DC voltage control stations. So, the ratio control method based on the V-I characteristic is suitable. In the ratio control method, the DC control loop employs only ratio control. The power can be spared proportionally to the DC control loop's ratio gain of both SC station and JN station. In practice, the ratio gain's lookup table should be established in advance with various DC transmission line parameter considerations [22] .
3) Online Re-connecting Strategy: Once the maintenance of a subordinate station is completed, it is reconnected online to the DC grid without having to shut down the entire system to perform this function. The basic idea is to minimize the potential difference between the two sides of the disconnector, and to block the converter while closing the disconnector to avoid electric arc. Approximately 10 s are required for fully closing the disconnector, while the capacitor will discharge without control. Careful timing and coordination are required. The strategy can be divided into following steps.
As illustrated in Fig. 5 , the station to be re-connected should be initially started at STATCOM operation. With the command to re-connect from SCADA, the DC voltage output from the converter V con is controlled to the target value V ref , as expressed in (1), allowing excessive voltage to offset the voltage decay V decay from T 1 of locking converter to T e with disconnector fully closed, as shown in Fig. 6 .
where V 1 is the DC voltage at grid side of the disconnector. The value of V decay depends on the configuration of the converter, which can be equivalent to the circuit shown in Fig. 7 , where C SM is the capacity of each submodule, V SM is the voltage of the capacitor, R SM is the equivalent discharge resistor in a submodule, and P SM is the power loss of the driving circuit. Therefore, the voltage decay at each submodule can be calculated based on (2) and (3), where N is the number of submodules at each phase of the converter. Assuming the duration of the closing disconnector is constant, this means that each blocking time (T l ) will lead to a corresponding V ref .
It should be noted that the converter must be blocked earlier than the disconnector arcing, i.e., at T l < T a , to avoid damage from surge current during arcing. Once these values are determined, the converter will be blocked at T 1 after the start of the closing of the disconnector. With full closure of the disconnector, the station can be deblocked to accomplisher-connecting. Functional and dynamic performance test (FPT/DPT) of the complete C&P system is essential to validate the control algorithm in every designed operation and the protection scheme under different types of contingency. The reliability of the communication among layers of controllers and the time sequence of automated operations have to be examined by repetitive tests, as well. In addition, the system operators need to rehearse with the human machine interface (HMI) of the system, before they go into the field or the real operation center. Since the hardware in loop (HIL) test actually computes the mathematical model of the AC and DC networks, including the MMC stations, and exchanges signals with the controllers under test in real time, HIL simulation is ideal for all these needs.
Meanwhile, since the RT-LAB simulator is capable of simulating a large system that contains a large number of nodes, the RT-LAB based HIL test bench is introduced into the Nan'ao project to verify and optimize the controller's functional and dynamic response [23] .
The test items of FPT/DPT and objectives are listed in Table  II , including three categories, namely the DC system control test, the DC system protection test, and the comprehensive test.
VI. HIL AND ONSITE TEST RESULTS
This section describes several typical scenarios that have been studied in HIL and the onsite test. Fig. 8 shows the HIL test results of the start-up procedure in STATCOM operation mode of JN station. Fig. 9 shows the same procedure of the onsite test. Only phase A is depicted due to the symmetrical characteristics. The AC breaker is closed at point A. As can be seen from Fig. 9 , a surge in the system side current (I s ) appears. This surge current is mainly constituted from the transformer's inrush current. Due to the surge current, the system's voltage drops slightly. In practice, this voltage drop can lead to the shut-down of the connected wind farm. In order to limit the surge current, controlled switching can be used [24] , [25] . There is no surge current in the HIL test since the non-linearity of the transformer is omitted.
The valve side current (I v ) is limited by the charge resistor, and its peak value is 17.5 A. During the rectifying charge phase, the potential of the positive pole and negative pole of the DC side (U p , U n ) experiences a 150 Hz fluctuation. This phenomenon is the natural property of the rectifier bridge. The bypass switch of the pre-charge resistor closes at point B. From Fig. 8 , it can be seen that the closure causes a surge current in the valve side current of the amplitude of 364 A. The main reason behind this phenomenon is that the charging-time constant is comparatively bigger than the time-delay before the bypass switch closes so that the DC voltage cannot reach its rated value when the bypass switch closes. Due to the HIL test result, two measures are taken to mitigate this surge current. At first, the pre-charge resistor is reduced to decrease the charging time constant. Second, the time-delay is prolonged from 10 s to 14 s to let the DC voltage reach closer to its rated value. As can be seen from Fig. 9 , the surge current is reduced significantly to 34.5 A, which is acceptable.
The converter is de-blocked at point C. As curve U rp and U rn show, the reference voltage right after de-block is over modulated deliberately in order to limit the over-current. The maximum surge current after de-block is 417 A. Fig. 10 and Fig. 11 show the HIL test result and onsite test result of the start-up process of the SC-JN two-terminal system under parallel operation. The sequence is as follows:
1) The AC breaker closes at SC station;
2) The AC breaker closes at JN station;
3) The bypass switch of the pre-charge resistor closes at SC station; 4) The bypass switch of the pre-charge resistor closes at JN station.
The major differences between the HIL test result and onsite test result are the surge current and the DC voltage at point C.
During the rectifying charge phase, the potential of the DC poles is stable because the earthing capacitor of the submarine cable can stabilize the fluctuation. When the AC breaker closes at JN station, the number of submodules, which is in the charging circuit, suddenly drops due to the AC line voltage [24] . Moreover, at this moment, the total capacitor voltage is only half of the DC voltage and considerably below the amplitude of the AC line voltage. As a result, the DC voltage drops drastically. In the meantime, the earthing capacitor of the DC transmission line starts to charge the capacitor, and thus causes a transient DC current (I d ) with a peak value of In the controllable charging phase, all major electric quantities are smooth and no transient change occurs that is omitted from the figure. At the time when SC station de-blocks, no observable changes appear in the JN station. However, when the JN station de-blocks, the SC station experiences a large transient dynamic. This shows that in the VSC-HVDC system, de-block of one station only affects the stations that are already de-blocked and have no influence on the stations that are not de-blocked. Fig. 12 shows the onsite test result of the DC negative poleground fault. The MTDC system is running under a three stations parallel operation. However, the waveform of the QA station is similar to the JN station so that is omitted. At point A, the fault happens and the potential of the negative pole drops to zero immediately, while the potential of the positive pole rises to 280 kV, which is the action value of the surge arrestor. After 20 ms, the protection system detects the fault by measuring the neutral point current (I v0 ) and DC voltage and blocks the converter so that the current in the valve-arms is cut off at point B. At point C, which is about 60 ms after the fault, the AC breaker trips and the voltage at the valve side (U v ) and I v0 becomes zero. After the breaker trips, the potential of the DC pole stays the same, and then gradually returns to zero. This over-voltage is not harmful to the valve since it is limited to within the withstand capability by the surge arrestor at the terminal.
VII. CONCLUSION
The Nan'ao VSC-MTDC system is the first multi-terminal HVDC system based on the VSC technology. In this paper, several aspects are addressed.1 1) The Nan'ao project includes overhead DC transmission lines and various countermeasures to deal with probable DC contingencies. 2) A new simulation platform is developed and successfully verified. 3) A complete classification of MTDC system operation mode is built, along with its corresponding start-up and shutdown strategies. The Nan'ao project is a successful world-class pilot project, and it will promote the application of VSC-HVDC technology and the development of the future DC-grid. This paper offers insights into the design, testing, and operation stage of a multiterminal VSC-HVDC system, including configuration method, control strategy, realization of simulation test, and field results. A multi-terminal VSC-HVDC system represents an elementary form of the DC-grid. In order to achieve the goal of constructing the DC-grid, the following engineering problems are of special interests: high-voltage and high capacity DCbreaker, the widely accepted standard regarding the DC-grid integration and the distributed voltage control strategy with transmission losses optimized.
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